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LOW-TEMPERATURE PROPERTIES

\"Additiqnal data on the properties of alloys
for cryogenic applications have teen reported, by
Genwrai Dynamics/Convair.{1) The tensile-prope
data for these alloys as sheet (0.063 to 0,125-inch
thick) are summarized in Table 1. The properties
data of Alloy 718 and Ti-5A1-2,5Sn (ELI) at -423 F
reconfirm earlier aata for strength and ductility
of these alloys at very low temperatures. The Ti-
6A1-4V {ELI) alloy has lower ductility and notch
toughness than the Ti~5A1-2.5Sn (ELI) alloy at -423 F.
Of the three aluminum alloys in Table 1, the new
alloy, X2021-T8&2', apparently has higher yield
strength than the 2219-T81 and 7039-T64 alloys and
exhibitz 3sod ductility and notch toughness at
~423 F. The same report contains considerable data
from tests on ceéntei-notch and single-edge-notch
fracture-toughness specimens for these alloys at
cryogenic temperatures. Because of the problems
associated with obtaining plane-strain fracture-
toughness data at very low temperatures, some of the
data do not comply with the usual requirements for
valid KIc data.

Tenslle and fatigue data have been obtained
on four condidate liquid-rocket alloys at 70 F,
~320 F, and -423 F (or -452 Fz in a recent program
at the Lewls Research Centsr.{2) Results of the ten-
sile tests are summarized in Table 2. The yleld
strengths, ultimate strengths, and notch strengths
were higher for these allo,s at the low temperatures
than at room temperature, except for the notch-
tensile strength for the cold-rolled Type 301 stain-
less steel. Data for fatigue-strength-to-density
ratios versus fatigue life are plotted for each of
the four alloys (at 70 F, =320 F, and =452 F) in
Figure 1. When plotted in this way, the Ti-5Al-
~.55n alloy rates higher than the others over cer-
tain portions of the fatigue-life range. The fatigue
tests were made by axial-tension loading at a cyclic
stress ratio R of 0.14,

Pesults of an extensive research program
to develop an improved high-strength, high-toughness,
and weldable aluminum alloy for crzo?enic applice-
tions have been reported by Alcoa.\3) Nominal com-
positions of the two alloys that had the best pro-
perties are as follows:

X021 XI007
6.3% Cu 6.5% Zn
0.15% Cd 1.8% Mg
0.05% Sn 0.20% Mn
0.30% Mn 0.12% Cr
0.18% Zr 0.12% Zr
0.10% V 0,.10% Cu
0.06% T4 0.04% Tt
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Tensile properties for specimens from 0.125-inch-~
thick sheet for each of these alloys are presented

in Table 3. The strengths of these alloys increase
as the testing temperature is reduced to —-452 F

while the ductility and relative notch toughness
(K{=10) are not reduced for the X2021-TBl alloy at
the low tcmperatures. Testing iewgeratures of -320 F
and -452 F result in some reduction of the notch
toughness of the X7007~-T6E136 alloy. Resistance to
stress corrosion of the X2021-T81 alloy is relatively
good, and this alloy has good weldability. The
X7007-T6E136 alloy has relatively good stress-
corrosion resistance in the longitudinal and long-
transverse directions, but is susceptible to stress-
corrosion cracking in the short-transverse direction
at stress levels as low as 25 percent of the yield
strength. Weld tensile strengths are high for the
X7007-T6E136 alloy and approach 60 ksi.

FRACTURE~-TOUGHNESS_TESTING

Even though the single-edge-notch specimen
has not been adopted as a standard-type specimen for
fracture-tcughness testing, significant data have
been reported by the Naval Research Laboratory for
s mamber of alloys for which this type of specimen
was used.\4) The data are summarized in Table 4.
The intent of the program was to evaluate the effect
of shallow side grooves on the KIc values obtained
for single-edge~notch specimens. The side grooves
tended to suppress the shear lip formation on frac-
turing and thereby alded in the detection of plane-
strain fracture initiation (pop-in). The data in
Table 4 represent Kj. values for a number of materials
that are used at high-strength levels. The speci-
mens were l-inch thick, 5-inches wide, and 13-inches
long.

In 8 recent report from Boeing, information
on fatigue-crack propagation, residual strength,
and fracture toughness is presented for center-
notch panels in sheet and plate thiiknessé. ol 7079
aluminum alloy in the undefaged, peak aged (T6),
and overaged conditions.{5) The curves tor the num-
ber of fatigue cycles for failure of 0.63-inch-thick
panels based on the ratio for initisl applied stress
intensity/critical plane-strain stress intensity
(K11/K1¢) are shown in Figure 2, This kind of in-
formation is applicable in estimating the fatigue
11fe of cracked panels in service., The overaged
panels had longer lives than comparable panels that
wers uideragsd or peak aged (T6). Fracture-toughness
data cn center-notch panels of 8, 12, and 36-inch
widths are shown in Figure 3, For each panel width,
the 0.% and 0,63-inch-thick panels appesred to be
thick enough to yield valid plane-strain fracture-
toughness data for this alloy (36 %o 40 ksi ¢ In.
for longitudinal panels with the T6 8ging treatment).

L ] A d

A s e




2

TABLE 1, AVERAGE TENSILE PHOPERTIES AT CRYOGENIC TEMPERATURES
OF ALLOYS AS SHEET (1)
s
BRI 1 . . ‘ Noter/
cen ) Testing Yield Strength, Tensile Elong. Elestic mmm
Temperature, Specimen 0.2% Offget, Strength, {n 2 inches, Bodulu Streng
f§ST) WHITE 3K Alloy ¥ Direction ksi kel percent  psi -mz' Retio (a)
.
e BUFF SECTION Alloy 718 (Agea) 7 L 161 192 206 3.0 112
- O (N1 base) 1 164 194 2.8 31.0 1.10
14 wouncIa -110 L 173 20 29,0 31,0 1,00
T i 09 9.0 0,2 1.0
260 -320 L 194 246 22,4 31,8 1,03
T 192 245 21,0 - 1,02
-423 L 208 7 22,5 24,9 c.9?
1 207 267 18.3 - 0.97
Atloy 118 -423 L 9.4 178 61,0 - 0.92
! e g R (Annealed) T 0%.9 174 %8 - 0.9
Sva A is ' B[;&fs X2021-TBE3L i L 54,6 67.0 9.8 11.6 0.97
3T BY 13N AYAILABILITY AL Alloy T 84,5 57,5 9.3 13,1 0.96
110 L 8.2 2.1 11,0 1.2 1524
i1 AVAIL ant/or SPEDIAL T 8.1 7.9 1.0 1.2 0,97
it | 320 L 63,8 0.2 12,3 10.4 0.95
T 64,7 84,8 138 10.9 ©.93
-423 L 73.8 103 14.0 12.0 0.92
T 0.3 9.4 15.0 12,0 2,93
2219-181 -a23 L 67,4 94.6 159 1.9 €.91
Al Moy T 67,2 100 18,5 3.2 0.85
%
- 7039-Tea -423 L 62.2 0.6 21.0 10.3 0.91
- AL Alloy 1 64, 93,4 17,0 1.0 0.88
0.9t
14-3A1-2,55n —a23 L 213 23 3.8 19,4
(EL1) Annealed T 210 233 17.6 19.0 0.91
20.0 0.77
Ti-6A1-4¥ -423 L 245 2% 3.8
{EL1) Anneated 1 i 2% 2.0 19,6 0.7%

{8) The notched spacimans had K= 63,

TABE 2, AVERAGE TENSILE PACPERTIES AT CRYCGENIC
TRPERATUMES OF FOUR ALLOYS AS SHEETL2)

Testing Yielq Strength, Ultimate Mogulys of Wotch (o
Teaperature, 0.2 Uffeat, Strength,  Elasticity, Strength,'®
Allax i aal X8l 2k a0t Xl
202016 ) .6 7.1 10.9 36,4
Manjom -0 4 8.3 1 6.1
sy [0 102 1220 0.6
Aloy 718
(%t vese)(® ] 183 184 2.7 w0
%20 102 201 2.4 214
e 19 21 2. 22
1\-5‘]-2;?! 7 11 16,5 126
Aanealed 0} 320 176 182 e 181
et} 210 229 18.4 10
1St 301 70 218 23 4 o
stainyep -3% 28 334 2.7 219
steerlc et} %0 37 280 184

Vo] Sotution mealed at 195 F 1 hr., Air cooled, sged st 1350 F 9 W, fumece cooled to

1200 F, heid at 1200 F 9 nr., sir cooled.
(bl MilD i .esled ot 1325 F 4 nr., furnece cooled,
12l Zoid totled &0 percent,
(8} %otch specimens ned K 217,

Additional data on the fracture toughness of
aluminum alloys are presented in the next section.

Two new testing techniques have been developed
at the Naval Research Laboratory for evaluating the
toughness of welds in quenched-and-tempered steel
plate,l6) Schematic presentations of these tech-
niques are shown in Figures 4 and 5, Cha y data,
drop-weight nil-ductility temperature {NDT) data,
and drop-weight tear~test data are included for
the quenched-and~tempered steels. Results of the
nil-ductility temperature tests indicated that there
was a8 substantial rise in the NDT when the notches
were located at the fusion lines of welds of "lean-
analysis” quenched-and-tempered steels, In per-
forming the drop-weight bulge tests, a 6~ton welight
was dropped from a height of 8 feet onto a soft
aluminum tup located at the center of the test speci-
men, Specimens were cooled to a temperature of
30 F. Each specimen was subjected to repeated blows
until visible cracking had occurred beyond the
brittle crack starter. The number of blows or the
accumilated energy to cause crack formation, the
length of the fracture, and the amount of deforma-
tion required to produce fracturing are indications
of the relative toughness of the specimen. The
delta~specimen .ests also were conducted at 30 F,
Each specimen was continuously loaded until the

v

center of the specimen had deflected to 3 inches be-
low the tops of the three support blocks. The ex~
tent and location of cracking was observed, ihe
ican steels developed substantially longer cracks
than the specimens of more highly alloyed steel.
These tests on welded specimens of quenched-and-tem—
pered steels are more indicative of relative tough-
ness than tests on the parent metal which often
does not have a well-defined transition temperature.

MECHANICAL PROPERTIES OF ALUMINUM ALLOYS

Tensile, compressive, shear, bearing, frac-
ture toughness, and axial-load fatigue pro.erties
of 143 lots of 2014, 2024, 6061, 7075, 7073, and
7178 aluminum-alloy extrustions have been reported
by Alcoa.t7)  The range of thicknesses was 0.050 to
6.500 inch, and the alloys represented several dif-
ferent tempers. The objective of the program was
to obtain data for design mechanical properties tables
for use in MIL-HDBK-5. Values for tensile and com-
pressive elastic moduli are as follows:

Alloy or Thickness, Elastic Modulus, psi
S

eries inches Tensile Compressive

2000 AllL 10,800,000 11,000,000
6061 20.499 9,700,000 9,900,000
6061 5 3,000 10,300,000 10,600,000
7000 A1l 10,400,000 10,706,000 -

Computed design mechanical properties for 7075-T&51X
alloy extrusions are shown in Table 5 in the usual
MIL-HDBK-5 format. The values in parentheses are
differences from the corresponding properties in the
last revision of the Handbook. Similar tsbles are
presented for the other alloys evaluated in the pro-
gsam. Average K[, data representing fracture tough-
ness of the above alloys-(except 6061) as determined
by the 5 percent secant offset method are shown in
Table 6.

Since the aluminum alloys developed in the
program and discussed in Reference 3 possess a de-
sirable combination of properties, further evaluations
were conducted st Alcoa to obtain the tensile, com
pressive, shear, bearing, bend, and fatigue proper-
ties as well as data on hardness, tear resistance,
and fracture toughness.(s) For these studies, the
2lloys X2021-T81 and X7007-T6E136 were produced in
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Testing Yh= ;m. ’hnul:; lh;.-uu ‘bm
1 .28 ofr, treng 1n 2 inches trongth
Thlam:u. ua,nm. ni."’ renth, » (o)
- . L4 L 63,4 2.0 10.2 0.0%
Bttt 013 t @4 19.4 X 0.1
-2 L L) .1 10.0 0.9
¥ “.. .6 (X 0.9
-3 L .y .8 0. 0.0
1 1.5 2.2 0.0 0.7
L 2. () 2.0 0.91
- 1 Ro 01 11 0.8e
. . at L “.s 3.0 0.8 108
Tt oum [ 8.6 0.8 120 1.08
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sheet and plate forms. Tensile properties of these
alloys are presented in Table 3. Average values for
elastic moduius are as follows:

Tensile Compressive
Modulus, Modulus,

D sl si
X2021-T81 L 10,600,000 10,900,000
Sy Lfpemmmmeemeeee T 10,800,000 1},000,000
R S
L N X7007-T6E136 L 10,400,000 10,600,000
T 10,400,000 10,700,000
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Compressive yield strengths are equal to or greater
than the transverse tensile yield strengths. Longi-
tudinal and transverse shear sirengths are spproxi-
mately 60 percent of the transverse tonside strength.
The axial-stress fatigue limits at B x 10° cycles

(R = 0.0) for unnotched specimens are as follows:

L2

» Eatigue Limit, ki
Fiyue i, cycles Allgy Sheet Plats
) Uguid hollum, 452° 7 W0° KL X2021-T81 27 26
X7007-T6E)136 27 33
FIGURE 1, COMPARISON OF FATIGUE-STRENGTH-TO~DENSITY  Tynical values §
RATIOS AT 70 F, -320 F, and -452 F(2) .xl: - follow:: or fracture toughness of these alloys
l(Ic
Alloy __ Direction kst vIn.
X2021-T81 L 29
T 23
| X7007-T6E136 L 43
[ T 3.5

- LT T e/ ) ' D |
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TABLE 4. FRACIURE TOUGHRESS DATA OBTAINED YS;M SINGE~
EDGE-MOTCH SPECIMENS 1-INCH THICx! 4.
TABLE 6. fmuitz TOUGHMESS OF ALUMINAM
Average ALLOYS )
Charpy V Kic Valuey,
Tensile Energy
R Fracture Strength, Strength, at 32F, Mo side With elde Fracture T 8,
Alloy and Tcs K
Ti-oat-4vl0) w{:; » 09 106 —Tesper _ Tomltidinal~ Trensverss
AT e rveetve) - n s » 2014-T6510 2.1 2.4
1i-6A1-4Y-23n {As received) L - 'S L3 2014-T62 28.6 8.0
I b i o 118 ;
n-en-ar-zsn-o:snwba;; A ES 110 10 2024-T851X 2.0 18.2
T1~6A1-428~25n=0 , WMo~0 .5 e n ) 12¢ 2075-T6510 28.0 23.6
7075162 -— 23.8
22191851 - 73.3 s » n 7075-T73510 34.2 26.3
07516 R 7.4 - 3 32
707577351 P 75.4 6 33 2 7079-T6510 0.9 9.2
7075-173%} = 75,3 4 n 2 7079-T62 35,8 -
N 7178-T6210 21.9 21.0
il Rt g ¥ o8 .8 7178162 ERI X
ML-4Co-0-%" =™ hest trest) = 3 1% 152
Mi-aCo".30 (Ae Teceived) 3 L3 166 %
izki (MAL heat trestment) - k. 143 1%
12%) (NRL heat trestment) = 0 136 134
1281 {As received) = 42 19% 5
1281 {As geceived) w « 21 22
(a) 17 . F | hr, Wa, aged 900 F 2 hx.
(k) 1800 F 1 he, %0, sged 1000 F 2 hr.
tc F . Ky 1000 7 2 hre
Li %0 F L nes W sged 1100 F 2 has EATIGUE TE N VAQU
te) 120 F 1 hr, Wy, aged 1100 F 2 hr.
(5 hm - cdpe moten on Tongitudtas] mpectaen G t its f " + Marts
9. hme notc - urrent results from » program a+ Martin-
The T 2630 nokch on LIMEVErss eciam. Marietta for evaluating the effects of a vacuum
environment on the fatigue properties of 1100 alu-
minum, 7075-T6 aluminum alloy, T{-6Al-4V ailoy, a{\d
Armmco iron have been reviewed in a recent report. 9) 4
The fatigue data were obtained on constant-stress
reverse-bending tests for various combinations of
stress, frequency, temperature, and air pressure.
Typical curves for number of cyles to fallure at
different air-pressure levels are shown in Figure 6.
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The shspes ot the curves suggest that three different
ranges exist depending on the pressure. The points
P on the curves represent threshold pressures for
each msterial and indicate the transition from 2
weak-vacuum effect to a strong-vacuum effect on the
fatigue properties. At somewhat lower pressures,
there is a third range in which variations in pres-
sure have less effect on the fauigue life. For 1100
aluminum alloy, increasing the frequency of stress-
ing at 3 x 109 torr decreases the fatigue life
while the fatigue life at atmospheric pressure was
independent of the frequency from 33 to 95 cps. AL
elevated ‘emperatures, the effect of vacuum on the
fatigue life is diminished {for 1100 aluminum). For
S-N curves at normsl temperatures, decreasing the
air pressure tends to displace the curves to the
right for unnotched and notched specimens. In
snalyzing crack-nucleation characteristics of the
sbove alloys, the author noted that the first micro-
cracks appeared in specimens of 1100 and 7075-16
aluminum at practically the same number of cycles
under both vacuum and atmospheric pressure condi-
tions for the respective alloys, For specimens of
the Ti-6Al-4V alloy, however, microcrack formation
was delayed by the vacuum environment. In deter—
mining the effect of th- vacuum environment on crack
propagation, crack propagation was observed to be
slower in aluminum alloy specimens when exposed to
the vacuum than when exposed to normal air pressure.
Residual strengths of specimens precracked in a
vacuum were higher than for comparable specimens
precracked in air. All of these factors were con-
sidered in discussing a proposed mechanism to ex-
plain these conditions. The guthor concluded that
the effects of vacuum on the fatigue properties of
metals are probably the result of "vacuum-induced
mechanical changes in the surface layer of a de-
formed specimen”.

Effects of a vacuum environment on the
fatigue properties of aluminum alloys nsf have_been
studied at the Naval Research Laboratory.10,11) of
particular interest is the data for crack growth rates

in specimens of 2024-T3 alloy in air and at a pressure

of 2 to 3 x 106 torr as a function of the stress in-
tensity amplitude, 8 K;. For these specimens the
crack growth rates in air were three times the crack

epare
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FIGURE 6, NUMBER OF CYCLES TO FAILURC AS A FUNCTION
OF AIR PRESSURE FOR SPECIMENS OF 1100 ALUMINUM,
7075-T6 AL }M)M ALLOY, Ti-6A1-4V ALLOY, AND
ARMCO IRONL9

growth rates in the vacuum environment for the same

8 Ky. Effects of the environment and other vari-
ables are i{llustrated in stereo macrographs and
electron fractographs., Discussions of theorjes that
have been proposed to explain the effects of a vacuum
environment on the fatigue properties indicate that
there is no agreement among investigators regarding
the mechanisms.
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(1)

(2)

(3)

(4)

(s)

TABLE 5, COMPUTED DESIGN MECHANICAL PROPERTIES OF 7075-T651X ‘ -
ALUMINUM ALLOY EXTRUSIONS(7) :
— ;
i I
i Jm___ p
Condition . + « » « o - o 2 -
Cross-Secticnal Ares, in n [ !
R e S L T o ,
18 . . . s e 44 e s A A *
Mechanical Propertiss
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Poy, kst
Thoson | B R ROV BV B | B | B BN | BEY| | BIRY| B
SR a2(-1) | aa-1) | a3(-2) | as(-2) | 302) | as(-2) | w23y | ant-3) | w(w) | e3-m) | wot-s) | wac-s) !
Pogus, k8t
= PR Y5 Pt V0| Pt Ferot | ipeed REssbee ety Respert| e Feyber Ercsoecs Bibtber
Piypys, K03 .~
BY=3 BERERE & e N R SRR et otberd iRt Biopeds Reaoerd buroges) sy Beisers eessen) R ripens!
e, parosut:
XSESSSSSA B AN N S A I U - T - N - A 1
, 105 pus 10.8{40.1 !
aerof it ‘Ezﬁzzﬂ _
PO : in s are d4if fron velues in )IL-EDEK-5, Bovesber 1967.
Data for 4,500-5,000 thicknesses omitted in this table. . .
[
i
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Center, Cleveland, O. {December 1967).
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tract NAS 8-5452 (October 13, 19615.

(e)

(9)

Freed, C. N,, "Effect of Side Grooves and Fa-
tigue Crack Length on Plane-Strain Fracture
Toughness"”, Report NRL 6654, Naval Research
Laboratory, Washington, D. C. (December 7, 1967).

Smith, S. H., Porter, T. R,, and Sump, W. D.,
"Fatigue=Crack-Propagation and Fracture-Tough-
ness Characteristics of 7079 Aluminum~Alloy
Sheets and Plates in Three Aged Conditions”,
Report NASA-CR-996, The Boeing Company, Renton,
Wash., Contract NAS 1-6474 (February 1968).

and Tempered Steel Weldment Specimens”, Report
NRL 6602, Naval Research Lsboratory, Washington,
D. C, (October 10, 1967).

Brownhill, D. J., Davies, R. E., and Sprowls,
D. O., “Mechanical Properties, Including Frac-
ture Toughness and Fatigue, and Resistance to
Stress Corrosion Cracking, of Stress-Relieved
Stretched Aluminum Alloy Extrusions”, Final
Report AFML-TR-68-34, Aluminum Company of
Americe, New Kensington, Pa,, Contract AF33
(615)-3580 (February 1968).

Coursen, J., W., "Mechanical Properties and
Fracture Characteristics of X2021-T8] Sheet
and Plate”, Final Report, Appendix I, Aluminum
Company of America, New Kensington, Ps., Con-
tract NAS 8-5402 (October 13, 1967),

Shen, H., “Effect of Vacuum Enviromment on the
Behavior of Materials", Report MCR-67-423,
Martin Maretta Corporation, Denver, Colo.,
Contract AF49(638)-1455 (December 1967).

(10) Meyn, D. A., "Observations on Micromechanisms

of Fatigue-Crack Propagation in 2024 Aluminue®,
» £ (1), 42-51 (March
19¢8).

(11) Meyn, D. A.. "The Nature of Fatigue-Crack

Propagstion in Alr and Vacuum for 2024

Aluminua® , mnnfnm_wmm. £ (1),
52-61 (March 1968).

IMIC Reviews of Recent Developments present brief summaries of information which hss

become available to DMIC in the preceding period (ususlly 3 months), in each of several cstegories.
does not intend that these reviews be made a part of the permanent technical literature,
referenced reports are not available from IMIC; most can be obtained from the Defense Documentation Center, ¢
Cameron Station, Alexandria, Virginia

2314,

IMIC » .
Copies of 5

R. W, Endebro.ck. Editor




